Numerical Modelling Techniques to Predict Rotor
Imbalance Problems in Tidal Stream Turbines

Stephanie Ordonez-Sanchez™, Kate Porter”?, Robert Ellis™, Carwyn Frost®!, Matthew Allmark”?, Thomas
Nevalainen”, Tim O’Doherty*3, Cameron Johnstone**

*Energy Systems Research Unit, University of Strathclyde
Glasgow, G1 1XJ, United Kingdom

#15 ordonez@strath.ac.uk
#Kkate.porter@strath.ac.uk
#thomas.nevalainen@strath.ac.uk
#cameron.johnstone@strath.ac.uk
* School of Engineering, Cardiff University
Cardiff, CF24 3AA, United Kingdom

*1E[lisR10@cardiff.ac.uk
“2AllmarkMJ1@cardiff.ac.uk

*30doherty@cardiff.ac.uk
$School of Natural and Built Environment, Queen’s University Belfast
Belfast, BT9 5AG, United Kingdom
$1C.Frost@qub.ac.uk

Abstract—Load fluctuations caused by the unsteady nature of tidal
streams can have severe impacts on turbine components. As seen in the
wind industry, turbine blades can become misaligned due to a fault in the
pitch mechanism or blade deformations arising over time. These
misalignments will represent a loss of power capture and perhaps even
premature failure of the components if not detected in time.
Computational fluid dynamic (CFD) techniques can be used to predict the
performance of a turbine with a misaligned blade. However, these
numerical modelling techniques quickly become computationally
expensive when modelling realistic, time-varying conditions. Blade
Element Momentum Theory (BEMT) offers a quicker and simpler
approach, although with several limitations. In this paper BEMT is
adapted to predict the performance of a three bladed tidal turbine with
one or two blades offset from the optimum pitch setting. This approach is
compared with a CFD model to study the effectiveness of both methods to
predict power and thrust when a rotor blade has an offset. The simulations
were undertaken at three flow speeds (0.9, 1.0 and 1.1 m/s). Both numerical
models are compared to experimental data that was obtained at a flume
tank in similar flow conditions. The results showed that both BEMT and
CFD are able to predict power coefficients when there is a small offset of
one rotor blade. However, the predictions were poorer when two blades
had two different offsets at the same time.

Keywords— Blade Element Momentum Theory;
Computational Fluid Dynamics; Blade Offset; Rotor Imbalance;
Numerical Modelling, Tidal Stream Turbine

I.  INTRODUCTION

The development of tidal stream technology is progressing
rapidly. One example of this is the Meygen project which seeks
to deploy up to 398 MW of tidal turbine capacity by 2020 [1].
One of the key challenges for this technology relates to the
unsteady nature of the marine currents which can have serious
effects on the turbine performance, durability and structural
integrity. These effects can be similar or even more significant
than those affecting similar technology in the wind energy
industry.

Major faults that occur in wind turbines are often associated
with the gearbox and blades. The unsteady loading from the
variation in wind speed can give rise to a blade offset or

misalignment of one or more blades. These blade offsets can
also be a pre-existing problem if the hub mechanism to set the
pitch is not accurate or deforms with time. Having a blade offset
or misalignment will compromise the performance of the
turbine [2]. For example, the latest news released by Atlantis
Resources informed that a component of the pitching
mechanism of one of the turbines should be replaced due to its
exposure to a long idle cycle [3].

To date, methods to detect blade misalignment have been
developed mainly for wind turbines, e.g. [2] and [4]. More
recently, [5] developed a methodology to detect different
failure types in tidal stream turbines (TSTs) using transient
analysis on the torque signals in both the time and frequency
domains. The experimental work undertaken by [5] consisted
of simulating a rotor imbalance problem by misaligning one or
two blades to a different pitch setting than the optimum.

Although experimental work allows investigation of
complex fluid-structure interactions in the field of tidal energy,
this research method is rather expensive. As a consequence the
number of tests is limited, and the experiments must be
carefully planned to make effective use of testing time.

An alternative solution to experimental research is the use of
analytical and numerical modelling. Compared to laboratory
tests, simulations are a cheaper solution. Moreover, when using
simulations, there is the flexibility of isolating or modifying
certain parameters from the studied case.

In the field of marine energy, one the simplest approach to
investigate the performance of tidal stream turbines (TSTSs) is
Blade Element Momentum Theory (BEMT). The conservation
of axial and angular momentum is used to obtain one set of
equations relating the power and thrust generated by a tidal
turbine to the axial and angular induction factors. Then an
annular disk representing the turbine is split into several
elements in the radial direction. These elements are analysed
independently, and the normal and tangential forces acting on
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each section are derived in terms of the induction factors using
the known two-dimensional aerodynamic coefficients for the
blade geometry. These two sets of equations are then combined
to solve for the unknown induction factors and forces to obtain
the performance characteristics of the turbine under ‘steady’
flow conditions [6].

BEMT can provide an adequate solution to model the
performance of horizontal turbines, but the method is limited in
certain respects. The classic BEMT does not take into account
the tip and hub losses and is limited to low-medium angles of
attack. However, modifications to the basic model can be made
by applying correction factors to account for these limitations,
as done by [6]. Researchers have also altered the classic model
to incorporate additional aspects such as yaw angle (e.g. [7]),
and inflow turbulence [8].

CFD is another technique that is widely used in the field of
marine energy. CFD is a more complex method compared to
BEMT and is based on the Navier-Stokes equations. The
method has been used to explore various aspects of the field
such as wake characterisation of single turbines and arrays [9]-
[10], loading on turbine components [11] and the effects of
flow directionality [12], to name a few. Compared to BEMT,
CFD can be used to compute complex dynamic simulations.
However, there is a compromise between the level of
complexity and the computational time required to solve the
simulation.

Several studies have compared the performance of a tidal
turbine using BEMT and CFD. Johnson et al. [13] presented a
direct comparison of the performance of a cross flow turbine
using BEMT and CFD (ANSYS CFX). The study showed that
CFD predicts marginally higher coefficients of power, thrust
and torque than BEMT. Lawson et al. [14] undertook a similar
study using BEMT and CFD (STAR CCM) but this time
focusing on horizontal axis tidal turbines. Again it was shown
that the torque was only slightly higher when computed with
CFD. Moreover, the analysis carried out by [15] showed that
CFD could predict higher, lower or precise power coefficients,
compared to BEMT, depending on the tip speed ratio (TSR).
Therefore, these studies demonstrate that the performance of a
TST can be calculated to a comparable level of accuracy with
both BEMT and CFD models under simple conditions.

All the CFD simulations mentioned above shared some
similarities between the conditions used in their models. The
work done by [13]-[15] used k-omega turbulence models in the
simulations. [14] and [15] used no slip conditions on the turbine
surfaces. It was identified that the main discrepancy between
models was the grid generation. Even though both of them used
unstructured grids, [15] used a combination of elements by
setting subdomains in the simulation while [14] did a study to
understand the implications of using different grid resolutions.
[14] found out that a coarser computational grid resulted in
lower values of torque compared to those obtained with high
resolution grids.

The aim of this paper is to determine if the effects of a blade
offset can also be modelled successfully with BEMT, thereby
providing a simpler method for predicting blade performance
in these conditions compared to running a CFD model. The

work developed in BEMT was based on a simplistic approach
to account for blade offsets in a tidal turbine rotor where the
loads computed for different blade pitch settings are combined
proportionally to calculate the overall performance of the
turbine with one or two blades offset from the optimum. The
results of the simulations are then compared to CFD
simulations and the power coefficients obtained from
experimental data to assess the quality of both numerical tools.

Il. METHODOLOGY

This section describes the numerical and experimental
techniques employed in this study to quantify the performance
of a scaled three bladed horizontal axis turbine of 0.5 m
diameter. The blade cross-section was modelled on the
Wortmann FX 63-137 aerofoil profile. The full blade geometry
including chord and pitch distribution along the blade radius is
given in [16]. Three flow regimes of 0.9, 1.0 and 1.1 m/s were
utilised throughout this study. This velocity range also enabled
some investigation into the influence of Reynolds number and
the point of independence. According to power curves obtained
by [5] this can be seen in the range of 1.0 and 1.1 m/s. The blade
pitch of one or two blades was modified from the optimum
condition to simulate the misaligned blade cases, as described
in Table I. The offset cases presented in Table | were setup to
replicate the CFD data presented in [17] and [18]. The model
setup used to generate the data formed the basis of the CFD
modelling undertaken for this paper.

TABLE |
PITCH ANGLE OF EACH OF THE BLADES FOR THE OPTIMUM AND OFFSET
BLADE CASES

Cases Blade 1 Blade 2 Blade 3
Optimum 6° 6° 6°
1 6° 6° 9°

2 6° 6° 12°

3 6° 9° 12°

The parameters that will be used in this study to compare the

performance of the optimum and offset blade cases will be
the non-dimensional power and thrust coefficients. The
power coefficient (Cp) and thrust coefficient (Ct) were
calculated as:

Cr=P/0.5pAV3 (1)
Cr=T/0.5pAV? @)

where P and T are the calculated average power and thrust
generated by the rotor, respectively. A is the swept area of the
rotor, and V denotes the unidirectional flow velocity; in this
study it varied from 0.9 — 1.1 m/s.

The Cpand Cr values from each test case or simulation are
presented as a function of the tip speed ratio (TSR).. TSR
denotes the ratio between the blade tip speed and the flow
velocity (V) and can be calculated as:

TSR=Qr/V  (3)



where r represents the radius of the rotor and Q is the angular
velocity of the turbine given in rad/s. In the case of the
experimental data the average values of Ct, Cp and TSR were
computed from each test run.

A. Computational fluid dynamics

A CFD model was set up using ANSYS® CFX. CFX solves
the Reynolds averaged Navier-Stokes (RANS) equations which
in this case were closed using the Shear Stress Transport (SST)
k-o turbulence model. The SST k- model was used as it has
been shown by [16],[19] and [20] to be the best suited to the
work being carried out.

The geometry consisted of a control volume with dimensions
4 m (length) x 2 m (breadth) x 2 m (height) (Figure 1). The
turbine was placed 3D downstream from the inlet and 5D
upstream from the outlet. The dimensions were chosen as the
boundaries have been shown to have no effect on the
performance characteristics of the turbine. Wake analysis was
not considered in this study. With the dimensions specified, the
blockage ratio was <5% which is deemed acceptable and has a
negligible effect on the results [21].

The inlet was given a uniform flow and a turbulence intensity
of 10%, which dissipated to approximately 2% at the rotor
which is similar to the turbulence intensity in the experiments.
Note that a reduction in this parameter at the inlet did not affect
the results, as the turbulence intensity dissipates rapidly
throughout the domain when using RANS as can be seen by the
change between the turbulence intensity at the inlet and at the
rotor. The lateral and upper boundaries were all set to free slip
walls with a pressure outlet at the end of the domain.
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Fig.1 CFD model and control volume

Three separate cylinders were drawn to encompass each
blade which was then subsequently separated from the hub part
way along the blade pin. A parameter was then added which
allowed each blade to be rotated about the centre of the blade
pin so that the desired offset for each blade could be set prior to
each run without the need for editing the geometry.

To simulate rotor rotation, a Moving Reference Frame (MRF)
was used where a rotating component is added to the fluid about
the rotational axis of the turbine. To set the MRF, a cylinder of

diameter 0.6 m was created around the turbine, as shown in
Figure 1 and Figure 2.). Information was passed between the
cylinder and surrounding domain using a domain interface. An
angular velocity was assigned to the MRF, corresponding to the
required TSR, so that the rotation of the turbine was simulated
at each time step.

The total number of elements in the domains was circa 2
million unstructured tetrahedral elements. The rotating domain
contained the majority, consisting of 1.5 million elements.
Manual mesh refinement, in terms of face sizings, were placed
on the blade tip, mid-section, root and hub. The sizing was
selected based on the work done by [16] and [20] who
extensively modelled the turbine geometry and showed mesh
independence. Similarly, the interface between the two
domains was refined to produce comparable mesh sizing
allowing the preservation of all terms across the interface.
These mesh parameters were unchanged for all cases of blade
offset.

Fig.2 Turbine geometry for the CFD model

Both a transient and steady-state model were run under the
same conditions to determine any difference in performance.
The MRF mentioned earlier was used to simulate the rotation
of the turbine in both cases. The difference between the two
approaches is that the steady-state model is time independent
and the mesh is fixed so the turbine is not rotating therefore
producing a final single time averaged value. The transient
model in comparison allows the performance of the turbine to
be monitored with respect to time throughout the rotation, i.e.
the turbine and the mesh rotate with respect to the time step.

Table 11 shows the results from both the steady-state and
transient models for a TSR of 3.6, a flow velocity of 1.0 m/s
and a pitch of 6°; thus, being the optimum condition (see Table
1). The results from the steady-state and transient models are in
close agreement for both Cp and Cr.

The transient model was run for a total time of 20 seconds
with time steps of 0.05 seconds and took approximately 10
hours to solve. In comparison, the steady-state model reached
convergence in under 2000 iterations after 3 hours. As the
results from the two models were similar, but the transient runs



were far more computationally expensive the steady-state
approach was adopted for the remainder of the models in this
study.

TABLE Il
COEFFICIENTS OF POWER AND THRUST CALCULATED FROM THE CFD MODEL
FOR THE OPTIMUM BLADE PITCH CASE

Model Cp Cr
Transient 0.439 0.82
Steady-State 0.437 0.817
% of difference 0.45 0.36

B. Blade element momentum theory

As mentioned in Section I, BEMT is the combination of
momentum theory and blade element theory which results in a
set of equations to compute power and thrust of a TST. These
equations cannot be solved unless the lift (Cl) and drag (Cd)
coefficients of the aerofoil profile are known. There are
different approaches to obtain this data. Depending on the blade
profile, some experimental data may be available (e.g. [22]).
However, this data often relates to very specific flow velocities
and blade geometry. Therefore, another method is to obtain the
coefficients numerically with CFD or other existing tools (e.g.
Xfoil, Profil 07).

Xfoil is a two-dimensional vortex panel code used to
evaluate the flow around aerofoils [23]. Xfoil has been widely
used to study aerofoil aerodynamics of aircrafts and renewable
energy technology (e.g. wind and tidal turbine blades).
Morgado et al. [24] compared Cl and Cd coefficients computed
from CFD and Xfoil for two aerofoil types. It was found that
Xfoil is accurate in predicting Cl and Cd for high lift aerofoils
at low Reynolds numbers of around 2.0x105. However,
Molland et al. [25] showed that XFoil is capable of predicting
Cls within a reasonable margin, but it under predicts Cds,
especially at angles of attack higher than 5°-7°. Similarly,
Porter et al. [11] showed that using Xfoil coefficients at low
Reynolds numbers (Re = 4.4 x 10% resulted in poorer
predictions compared to using experimental data in the model
(Re = 5.1 x10%). Even though the authors recognise that Xfoil
is limited in certain aspects, it was used in this study to compute
the two-dimensional Cl and Cd coefficients as this information
is not available from existing experimental data for the cases
considered in this study. Table Il gives the Reynolds numbers
for the three velocity conditions used in Xfoil.

TABLE III
REYNOLDS NUMBERS USED IN XFOIL FOR EACH OF THE FLOW VELOCITY CASES
0.9m/s 1.0 m/s 1.1 m/s
9.80E+04 1.10E+05 1.20E+05

The BEMT model used in this investigation was developed
at Strathclyde University [26]. To account for some of the
limitations of BEMT, Prandtl tip and hub loss correction factors
were utilised where the axial/rotational induction factors were
modified in the BEMT calculations. To estimate high flow

angles during post stall values, the Viterna-Corrigan method
was applied [27].

The work developed in BEMT for this study was based on
a simplistic approach to account for blade offsets in a tidal
turbine rotor. Therefore, to obtain the power and thrust
generated by a turbine with a misaligned blade, separate model
runs with different pitch settings were combined linearly.
Firstly, the BEMT model was run for the optimal case with a
blade pitch of 6°. Then a second run was undertaken with all
three of the blades set to the desired offset condition e.g. all
blades with 9° or 12° pitch setting depending on the case being
modelled (see Table I). Then, according to the studied case, the
values of torque and thrust for the optimal and offset cases were
combined. For example, a third of the torque (Q) or thrust (T)
of the offset case was used in combination with two thirds of
the torque or thrust generated by the turbine at optimum
conditions. Therefore the overall performance of the turbine, in
the case of one blade offset was quantified as:

Qtotal= 1/3Qoffset + 2/3Qopt
Ttotar= 1/3Toffset + 2/ 3Topt

for a range of TSR values. Similarly for the case with two
blades with different offsets (Case 3, Table 1), 1/3™ of each of
the two offset cases and 1/3 of the optimum case were
combined.

It is the aim of this paper to determine whether such a
simplistic, but computationally inexpensive approach can
provide a reasonable estimation of turbine performance under
these conditions, or whether a more complex, physically based
approach is required when modelling misaligned blades.

C. Test campaign

In order to assess the results obtained from the BEMT and
CFD models, these were compared with the experimental data
available in [4]. The tests were carried out at the flume facility
at the University of Liverpool with a working section of 1.4 x
0.8 x 3.7 m, using the same 0.5 m diameter turbine, described
in Section 11-A, as was used in the CFD and BEMT simulations.
A blockage ratio of 17% was calculated. The turbine hub centre
was installed 0.42 m below still water level. A prior testing
campaign carried out by [28] in the facility demonstrated that
the flume has a turbulence intensity of about 2% for flow
velocities between 0.5 and 1.5 m/s.

A motor was employed to control the turbine by fixing either
the rotor speed to the desired value during each test run. Torque
was derived by logging the torque generating current generated
by the rotor. Additionally, the turbine was equipped with a
custom built strain gauging system to measure the forces at the
root of one of the blades. Since this system did not incorporate
the full rotor, the measurements of root forces were not used in
this study. Further information about the test campaign can be
found in [5].

I1l. RESULTS AND DISCUSSION

The first part of this section presents the comparative results
between BEMT, CFD and the experimental outcomes. The
results are shown in terms of power (Cp) and thrust (Cr)



coefficients over a range of turbine rotational speeds. Both
coefficients were calculated according to the non-dimensional
form as described in Section Il. The second part of the section
shows the difference in Cp and Ct between the optimum and
the offset cases.

C. Comparative analysis of power coefficient

Figures 3-5 show the results for Cp obtained using BEMT
and CFD of the small scale TST working at 0.9-1.1 m/s. The
results were compared to the experimental data obtained in [4].

The BEMT model provides a reasonable prediction of the
optimum case compared to the experimental data for each flow
condition. The prediction is slightly better for flow velocities of
1.0 and 1.1 m/s which may be related to higher Reynolds
numbers and the ability of Xfoil to predict better Cl and Cd data
in such flow conditions. The comparison is also reasonable for
the offset Case 1 (offset 9°) and even Case 2 (offset 12°) for
both 1.0 and 1.1 m/s. However, Case 3 (case with two offset
blades) presents higher discrepancies when compared to the
experimental data. This was to be expected as the three different
simulations using blade pitch of 6, 9 and 12 degrees were used
to compute Case 3. Thus, the numerical error estimation of each
of the cases combine and increase the error in the results. Also,
the use of a simplistic approach using BEMT to model the
performance of a tidal turbine during off-design conditions is
limited when there are large perturbations on the blades. This
limitations is perhaps due to wake effects associated with the

blade offset that could not be accounted using a linear approach.

For each of the cases, CFD predicts higher Cp values than
the experimental data, especially at 0.9 and 1.0 m/s. This
discrepancy was seen for the optimum and the offset cases
equally. However, the match is slightly better than that obtained
from BEMT at 1.1 m/s at peak TSRs.

To visualise the scatter from the experiments, the standard
deviation of Cp was included in Figure 6. It can be observed
that for most of the cases, the BEMT prediction is within the
standard deviation margins obtained in the experiments. In
comparison, the Cp obtained with the CFD model is always
higher than the experiments and BEMT. Having higher
discrepancies between CFD and the experiments is unexpected.
Therefore additional parameters related to the CFD
methodology will be explored and discussed in Section I11-F.
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D. Comparative analysis of thrust coefficient

The comparative results of CFD and BEMT of thrust
coefficients are depicted in Figures 7-9. Compared to the power
coefficient, there seems to be a larger discrepancy of the results
between the numerical models even for the optimal cases. This
discrepancy increases with the TSR where the Cr values
calculated using CFD are about 25% higher at TSR=5.5. As
mentioned before, the experimental Cr values from the test
campaign [5] did not seem to be comparable to the simulations
done in this study and thus these results are omitted in this
section.

It is important to point out that according to the authors’
knowledge; this is the first time that BEMT and CFD have been
used to predict the performance of a TST with misalignment in
blades. Both numerical methods can be used to predict if a
slight blade misalignment has caused detrimental effects in
power, which has been argued by [29].
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E. Variation of power and thrust coefficients between
optimum and offset cases

The difference between the optimum and the offset results is
presented in Figures 11-16. This estimation is included to
understand if both models predict the same proportion of Cp
and Cr lost or gained when the turbine has a misaligned
blade(s).

It can be observed in Figures 11-13 that the same amount of
Cp variation is obtained for both numerical models and the
experiments at least for peak TSRs (3<TSR<4) and for the
cases with only one misaligned blade and minimal pitch offset
(Case 1). Apart from such cases, the experimental data shows
higher differences for Cases 2 and 3, compared to the numerical
models. Both numerical models show similar variations for
Cases 2 and 3 at peak TSRs.

For the Cr variation, both numerical models predict similar
differences for the flow velocities of 1.0 and 1.1 m/s and Cases
1 and 2. Higher discrepancies were obtained for the study at 0.9
m/s and Case 3 for each of the flow velocities, again possibly



due to lower Reynolds Numbers and the complexity of having
two misaligned blades with a different offset.

The hypothesis of modelling blade misalignment problems
in a BEMT model using a linear solution as a first
approximation seems to be an appropriate approach for cases
when only one blade presents a small misalignment. The
unsteady blade loading and torque that is being developed in
the other cases suggests that the problem is non-linear when
large perturbations in blade offset are present.

The latter should not be a problem when using CFD as this
numerical modelling technique treats the problem using a
physics based approach. However, given the discrepancies
between CFD and the experiments, it was deemed necessary to
further analyse the limitations of the CFD model implemented
in this study. Therefore, the next section will include additional
CFD cases where the effects of control volume, geometry of the
turbine, flow speed and changes in boundary conditions are
considered.

Fig.13 Difference in Cp between the optimum and the offset cases at 1.1 m/s.
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Fig.14 Difference in Ct between the optimum and the offset cases at 0.9 m/s.
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Fig.15 Difference in Cr between the optimum and the offset cases at 1.0 m/s.
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Fig.16 Difference in Ct between the optimum and the offset cases at 1.1 m/s.

F. CFD simulation analysis

As discussed in the introduction, the level of detail that can
be achieved in CFD simulations will depend on the
requirements of the model outcomes. Depending on the
parameters selected for the model, these will have low/high
impact in the solution. In order to better understand the
discrepancies between both numerical models, BEMT and CFD,
four additional cases were explored using CFD for the optimum
pitch setting of 6 degrees and the flow velocity of 1.0 m/s.

The CFD parameters changed in the model described in
Section I1-A were related to the (i) turbine geometry, (ii) the
control volume and (iii) the flow velocity. The turbine
geometry was modified by including a stanchion similar to the
one used in the experiments. The control volume dimensions
were decreased to match the experimental conditions. For the
third setting, the flow velocity was increased from 1.0 to 1.5
m/s to investigate the influence of Reynolds number. Finally,
the fourth setting investigated in this section was the influence
of using the no-slip condition in the simulation that have been
used by [14] and [15].

Figures 17 and 18 show the comparison between the original
CFD simulations compared to the new cases. The BEMT and
experimental values were also included, where possible, to
visualise the effects of changing the parameters in the CFD
model.

It can be observed that adding the stanchion to the turbine
geometry resulted in a decrease of power and thrust coefficient
of about 2.6% and 1.5%, respectively. Including the stanchion
in the geometry would modify the wake effects and thus affect
the performance of the turbine, at this stage the free slip
condition was still used. The parameter that influenced the
simulation least was the flow velocity. The results between the
original simulation at 1.0 m/s and the one at 1.5 m/s only
resulted in a difference of 1.5% and 0.5%, respectively. Having
a no slip boundary condition using a turbine with and without
stanchion also resulted in similar outcomes. However,

changing the control volume, adding a stanchion and using a no
slip condition showed a significant improvement on the match
between CFD and BEMT. Using this last setting may have a
large influence when studying the effects of blade
misalignment in a tidal stream turbine and will be considered
in future work. Moreover, the implications of using these
parameters in a transient simulation may be crucial but these
are outside the scope of this study and will be also considered
in the future.

When these results are again compared to the BEMT
simulations, the outcomes of the CFD are still substantially
higher than those obtained with BEMT, especially at TSRs>4.
It may also be possible that there are wake effects associated
with the blade offset that cannot be accounted for with a basic
BEMT model. Future research will contemplate the use of a
transient BEMT model to account for these effects.
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Fig.17 BEMT and CFD results showing the Cp at 1.0 m/s.
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Fig.18 BEMT and CFD results showing the Cr at 1.0 m/s.

IV. CONCLUSIONS AND FUTURE WORK

A comparative analysis of CFD and BEMT was carried out
to predict the performance of a tidal turbine when it has a
misalignment in one or two blades. According to the authors’
knowledge; this is the first time that BEMT and CFD have been



used to predict the performance of a TST with misalignment in
blades.

It was found that both CFD and BEMT were able to predict
the performance of the turbine for small misalignments of a
single blade (3° of incremental pitch) and at flow velocities
greater than 1.0 m/s. When looking at the differences between
the optimum and offset cases, both numerical models and the
experimental data of Cp showed similar variations.

The numerical models showed poorer agreement when
considering the Cr values. Both numerical models were also
less effective when computing the Cp and Cr coefficients with
two offset blades. A simulation analysis to study the effects of
changing four parameters in the CFD model showed that
including the mounting system in the geometry, setting the
control volume to the experimental values and using a no slip
condition improves the agreement with BEMT. Thus, future
work will focus on exploring the use of these parameters to
study blade misalignment performance, including additional
cases where transient analysis is carried out.

Similarly, the hypothesis of using a simplistic approach
using BEMT to model the performance of a tidal turbine during
off-design conditions is not entirely useful when large
perturbations exist. Future work will contemplate the use of
alternative methods to incorporate blade misalignment in
BEMT.

To further validate the numerical models, additional
experimental work will be undertaken in the future.
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